We demonstrate with synthetic seismic data the superresolution and super-stacking properties of time reversal mirrors (TRM). Tests on synthetic data show that TRM has the potential of exceeding the Rayleigh resolution limit by a factor of more than 9. This property is accompanied by the fact that TRM has a significant resilience to strong noise. Computer tests validate these properties by accurately imaging the source location from passive seismic data with signal-to-noise ratio of about 0.001. Results also validate that TRM enhances signal by a factor pro-
Introduction
Recent results by Lerosey et al. (2007) suggest that TRM can be used to focus EM data to its point of origin with a resolution of less than 1 30 λ. These results suggest that RTM 1 might also achieve such high resolution, but until now this fact has not been understood.
In this paper we apply the principle of TRM (Fink, 1993 (Fink, , 1997 (Fink, , 2006 to image the location of buried sources from passive seismic data. By using the recorded Green's functions to focus the passive data to the source position, both super-resolution and super-stacking can be utilized to enhance images. We also apply a trial time shift to the passive data in the imaging process to compensate for the unknown source excitation times. Our results partly validate the high resolution and noise resilience properties of RTM.
This paper is organized in the following way: the theory of TRM is first introduced, followed by a discussion of its super-resolution and super-stack properties. These TRM properties are demonstrated using synthetic data for locating trapped miners in collapsed mines. The superresolution property of TRM is shown to beat out the Rayleigh resolution limit by a factor of 9. Finally we demonstrate that TRM enhances the signal by a factor proportional to N
T To
, where N is the number of receivers, To is the dominant period of the source wavelet, 1 RTM in an exact velocity model is equivalent to TRM and T is the total length of the events.
Theory
Imaging of seismic sources is equivalent to estimating the subsurface reflectivity distribution by poststack migration except only one-way propagation is considered for source imaging. For passive seismic data with unknown source excitation times, a time shift is applied to the traces to compensate for the unknown excitation times. The migration images are compared for different time shifts and the localized maxima of migration amplitudes pinpoint the unknown source locations. For standard source imaging, the migration image m(x, t) of the source location is given by
where d(g, τ |s, tsource) represents the time-differentiated passive data recorded at time τ and location g for a source at s with unknown excitation time tsource; and τxg is the traveltime from x to g computed by tracing rays in an assumed velocity model. Here, the variable t is the trial time shift to compensate for a non-zero excitation time and x is the trial image point. Choosing the trial excitation time t → tsource and trial source location x → s yields the maximum migration amplitude at s. A problem with this approach is that passive data are often very noisy so that a migration image does not contain an unambiguous maximum, leading to poor resolution of the source location. Another problem is that a velocity model is needed to compute the traveltime τxg by ray tracing. To overcome these problems, we migrate the data with the earth's natural Green's function, i.e.,
where g(x, t|g, 0) is the earth's Green's function recorded in the data. The natural Green's function accounts for the direct wave but also contains all of the primaries and multiples 2 . The multiple-scattering events can be utilized for super-resolution (Lerosey et al., 2007) as well as the super-stacking capability depicted in Figure 1 . Moreover, a velocity model is not needed because g(x, t|g, 0) is recorded rather than computed.
Figure 1 also illustrates the super-stacking feature of TRM where a buried source excites the scattered events seen in a). Here, a buried source at t = 0 excites direct waves, primary reflections, and multiples that are recorded along the surface. Backprojecting these events to the source location using equation 2 and evaluating at the source excitation time (t = 0 in this case), all these event focus at the actual source point s and provide a maximum migration amplitude for this location.
This imaging procedure is, for each trial image point, equivalent to summing the direct wave amplitudes along the solid hyperbola in Figure 1b , as well as summing along the M − 1 dashed hyperbolas associated with the primaries and multiples. For additive white noise, this means that the signal-to-noise ratio of the migration image is enhanced by a factor of √ M N where N is the number of traces. In this case, we assume that all the events have similar amplitudes. If geometrical spreading effects are significant then M can be replaced by a factor that roughly accounts for geometrical spreading. For example, M can be replaced by the factor (cT0+c * T1)
M k=1
1/(cT0 * k+c * T1) where c is the average velocity, T1 is the initial onset time of the first arrival, , To is the dominant period of the seismic data, and the kth event arrives at the time T0 * k + T1. Here the geometrical spreading distance is approximated by c(Tok + T1). In comparison, the standard migration described by equation 1 only sums along the direct wave hyperbola for an enhancement factor of √ N (Yilmaz,2001) .
Locating Trapped Miners with a Natural Green's Functions
The migration strategy associated with equation 2 is now used for the example of locating a lost miner in a collapsed mine. Figure 2 is a proxy for a point source with an unknown location and source excitation time, and the goal is to find the miner after a mine collapse. Prior to the mine collapse, safe personnel pound on known locations in the mining tunnel and the surface geophones can record the Green's functions g(g, t|x, 0) in equation 2. After a mine collapse, a lost miner will pound on the mining tunnel and generate the data d(g, t|s, tsource) recorded by the geophones on the surface. These data are very noisy so traditional imaging methods will not work well compared to TRM with equation 2, as will be seen in the following example. A finite-difference solution to the 2D acoustic wave equation is used to generate synthetic seismograms for the Figure 2 model. Shot gathers are generated for different source locations x along the mine tunnel and the seismograms are recorded along the earth's free surface at x to give a bandlimited estimate of g(x, t|x , 0). These same seismograms are used to construct the miner's signals d(x, t|s, 0), except random noise is added to these data. Clean and noisy shot gathers are shown in Figures 3a-3b .
Equation 2 is then used to compute the migration image along different parts of the well. The results are shown in Figures 4a-4b show a very good resolution of the miner's location (delineated by the large peak); in this case the signal-to-noise ratio of the data is 1/1611. These results demonstrate the robustness of this method in the presence of strong white noise.
Demonstration of the Super-Resolution Property of TRM
Synthetic simulations are used to validate the concepts of super-resolution. Finite-difference simulations are created for sources along the bottom of the model in Figure 5a and pressure seismograms are recorded along the top part. A shot gather is displayed in Figure 5b , which shows the strong direct arrivals and the scattered arrivals from the four scatterers along the sides of the model.
The m(x, t) image is calculated for the data in Figure 5b , and shown in Figure 6a . The time values t represent the time shifts in the migration equation 2, and the image m(x, t) is computed using a two-way reversetime migration method with the exact velocity+scatterer model. The image for the original gather in Figure 5b is also denoted as m dir (x, t), because the image amplitudes are dominated by those from the backpropagated direct waves. To study the image resolution of the scattered waves, a scattered shot gather where only scattered energy is present is obtained by removing the direct waves from the gather in Figure 5b . The migration image for this scattered gather, m scat (x, t), is shown in Figure 6b . Comparing these two images indicates that the scattered waves provide a higher resolution than the original data, in which the direct waves are dominant and mask the imaging contribution from the scattered waves.
The effect of receiver aperture on the imaging resolution is analyzed for both the original and scattered gathers. By using only the central half of the traces in these two gathers, we recalculate the images, which are denoted by m dir 2 (x, t) and m scat 2 (x, t) and not shown here.
Slices of the migration images
2 (x, t) and m scat 2 (x, t), at the time of about 0.1 s are displayed to give the sinc-like curves in Figure 7 . This figure demonstrates that the lateral resolution (i.e., width between adjacent zero crossings) depends on receiver aperture and wave type. The comparison between these resolution limits and the prediction from the classical Rayleigh resolution limits shows that the resolution for the image computed from the original data largely follows the Rayleigh resolution limit, but the scattered waves provide a much higher resolution even when the receiver aperture width is halved. For comparison, the lateral resolution of the scattered wave shot gather obtained with the half receiver-aperture of traces is about 67.7 m, less that 1/9 of the lateral resolution from the original data, and less that 1/16 of the prediction from the Rayleigh resolution limit for the dominant frequency, 1114.7 m. Here the dominant wavelength of the seismic data is 146.7 m.
Demonstration of the Super-Stacking Property of TRM
Numerical experiments are used to validate the superstacking formula for signal enhancement:
where T T otal is the total time in a trace, α is the signalto-noise enhancement factor in the migration image, T0 is the dominant period of the arrivals, M is the number of reflection or scattered or transmitted events in a trace, and N is the number of traces. The ratio T T otal /T0 can be considered as a rough approximation to M , the number of distinguishable events in a trace. In this case, we assume all the events have similar amplitudes. If geometrical spreading effects are significant, a factor accounting for these effects can be introduced. A finite-difference solution to the 2D acoustic wave equation is used to generate IVSP shot gathers for the Sigsbee model. The shots are buried at depths of about 3.0 km near the salt interface and receivers are along a horizontal line just below the free surface. Noise is added to the traces and they are migrated using equation 2 to get a migration image similar to that in Figure 4b . To demonstrate the super-stacking property of TRM, a time window of duration T T otal is applied to the shot gather so that only the first arrivals are used in migration, and the signal-to-noise ratio is computed from the migration image for this time window length. Then the time window length T T otal is gradually increased and the resulting migration images and their S/N ratios are computed 3 . Figure 8 shows the resulting log(T T otal /T0) vs log(S/N ) plot, and numerically validates the trend predicted by equation 3. We need to shift the curves vertically to fit each other because some effects such as geometrical spreading and transmission loss of the energy are not considered here.
Conclusions
A TRM imaging scheme is presented for locating buried seismic sources using passive seismic data. Tests with both synthetic data clearly show that TRM can reliably locate trapped miners. in the presence of strong random noise. Results also demonstrated the super-resolution and super-stacking properties of this scheme. Superresolution is achieved by backpropagating the scattered waves after separating them from the original data. Synthetic tests show the horizontal resolution limit associated with the scattered waves is 9 times less than the Rayleigh resolution limit. A crucial step in achieving the super-resolution benefit is to properly separate the scattered energy from the strong direct arrivals. Otherwise, the high resolution components from the scattered waves can be easily masked by the direct arrivals in the imaging procedure. The super-stacking property of TRM is 3 The signal-to-noise ratio of the migration image is computed by subtracting this migration image from the noise-free image associated with the data without additive noise to get an image difference, and dividing the energy of noise-free image by the energy of image difference. also demonstrated by showing that TRM enhances the signal by a factor proportional to N T To , and greatly exceeds the √ N enhancement predicted by stacking alone. The results in our paper have important implication in subsalt imaging because TRM is equivalent to RTM in a exact velocity model. This suggests that the more accurate v(x, y, z), the better resolution and noise suppression properties of RTM. The migration resolution curves for full and half apertures for both the original shot gather and the scattered gather. Migrating the direct waves leads to the typical Rayleigh resolution widths of the sinc function image, while the scattered data curves beat the Rayleigh horizontal resolution limit for the dominant frequency of the data by a factor of 8 and 16 respectively. The main lobe widths of these four curves are in the ratio of 1:1:5.7:9.7.
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